We analyse dispersion and attenuation of surface waves at free surfaces of possible vacuum/poroelastic media: permeable-'open pore', impermeable-'closed pore' and partially permeable boundaries, which have not been previously reported in detail by researchers, under different surface-permeable, viscous-damping, elastic and fluid-flowing conditions. Our discussion is focused on their characteristics in the exploration-seismic frequency band (a few through 200 Hz) for near-surface applications. We find two surface-wave modes exist, R1 waves for all conditions, and R2 waves for closed-pore and partially permeable conditions. For R1 waves, velocities disperse most under partially permeable conditions and least under the open-pore condition. High-coupling damping coefficients move the main dispersion frequency range to high frequencies. There is an f 1 frequency dependence as a constant-Q model for attenuation at high frequencies. R1 waves for the open pore are most sensitive to elastic modulus variation, but least sensitive to tortuosities variation. R1 waves for partially permeable surface radiate as non-physical waves (Im(k) < 0) at low frequencies. For R2 waves, velocities are slightly lower than the bulk slow P2 waves. At low frequencies, both velocity and attenuation are diffusive of f 1/2 frequency dependence, as P2 waves. It is found that for partially permeable surfaces, the attenuation displays −f 1 frequency dependence as frequency increasing. High surface permeability, low-coupling damping coefficients, low Poisson's ratios, and low tortuosities increase the slope of the −f 1 dependence. When the attenuation coefficients reach 0, R2 waves for partially permeable surface begin to radiate as non-physical waves.
I N T RO D U C T I O N
Surface-wave propagation along the free surface (vacuum/solid interface) has been regarded as the physical fundamentals of surface-wave methods, which have been widely used in ground-water, engineering, environmental, geological and geophysical studies. By inverting dispersion curves of surface (Rayleigh and/or Love) waves, shear (S) wave velocities can be estimated (Aki & Richards 1980) . Surface-wave techniques in the exploration-seismic frequency band (a few through 200 Hz, e.g. Sun et al. 2009 ) primarily regard surface-wave propagation in an elastic medium (Song et al. 1989; Misiek et al. 1997; Xia et al. 1999; Xia et al. 2003; Xu et al. 2007 ). Classical elasticity is the theoretical fundamental of surface-wave data gathering, processing and inversion in the near-surface geophysics community (Xia et al. 1999; Xia et al. 2003; Winsborrow et al. 2003; Safani et al. 2006; Xia et al. 2006; Xu et al. 2006; Luo et al. 2007; Song et al. 2007; Xia et al. 2007; Zeng et al. 2007; Luo et al. 2008a,b; Luo et al. 2009; Xia et al. 2009) .
Because the fluid air and solid subsurface earth media have very distinctive physical properties, vacuum/solid interface also has been verified as an applicable physical model for surface-wave modelling (Aki & Richards 1980; Carcione 1992; Xu et al. 2007; Luo et al. 2010; Sidler & Carcione 2010) . Subsurface media, consolidated and/or unconsolidated, are typically composed of porous solids saturated by one or multiple fluids. Multiphase theory of poroelasticity (Biot 1941 (Biot , 1956a (Biot ,b,1962 can more precisely elucidate the property of wave phenomena in real world media than single-phase elasticity. Two types of P waves, referred to as P1 waves and P2 waves, and one type of S waves were theoretically predicted existing in poroelastic media. Meanwhile because of the existence of porous fluids, free surfaces have various types of permeable 'open-pore', impermeable 'close-pore' and partially permeable interfaces (Deresiewicz & Skalak 1963) . Because surface waves can be referred to as the coupling of bulk waves at free surface, surface-wave propagation in poroelastic media has more complex In a series of publications (Biot 1941 (Biot , 1956a , Biot formulated the saturated poroelasticity for phenomenological description of wave motion in porous media. We follow Biot's theory, assuming the wavelength scale is larger compared with the dimensions of a macroscopic elementary volume. The macroscopic quantities such as displacement and pressure are volume averages of the corresponding microscopic quantities of the constituents. The macroscopic constituent can be written as a stress-strain relation. Biot (1962) gave another form to describe stress-strain relations of intergranular stresses τ i j and porous fluid pressure p
where u i represents the displacement of a solid, and w i is the relative displacement of porous fluid, which is defined as
where U is the absolute displacement of porous fluid. The vector represents the flow of the fluid relative to the solid, but measured in terms of volume per unit area of the bulk medium. λ and μ are the Lame constants of the solid skeleton; μ also denotes the shear modulus. It is noted that in eq.
(1) the effective stresses τ i j of the solid are expressed by summation of dry skeleton frame stresses, τ Dispersion and attenuation of surface waves 873 effective fluid pressures, −αδ i j p, on the frame, which is different from the expression by Deresiewiscz (1962), Feng and Johnson (1983a,b) and Gubaidullin et al. (2004) . Hence, the Biot-Willis coefficient α is always referred to as the effective stress coefficient (Biot & Willis 1957; Mavko et al. 1998) . The parameters α and M are given by
where
μ is the solid skeleton bulk modulus, and K s and K f are the solid grain bulk modulus and fluid modulus, respectively. The wave motion equations are written by combining the momentum conservation and stress-strain relation
where ρ = (1 − φ)ρ s + φρ f is the bulk density of the fluid saturated media, φ denotes the porosity and ρ s and ρ f are the densities of the solid grains and fluid. The parameter λ c = λ + α 2 M is the Lame coefficient for the Gassmann equation, while the shear modulus μ is not changed by fluid saturation. m is a mass-like coefficient of m = Cρ f /φ, and C denotes tortuosity, which can represent a porous fluid-flow condition, and it has a theoretical value of C = 1 2
(1 + 1 φ ) for a poroelastic medium with spherical solid grains (Berryman 1980) . The drag-force damping coefficient is b = η κ F, here η is dynamic fluid viscosity, and κ represents the zero-frequency macroscopic permeability. F is the viscous correction factor (Johnson et al. 1987) 
1/2 , where M s is the shape factor (always equal to 1). The reference frequency is defined as f c = ηφ 2πCρ f κ . These parameters are related to generalized material coefficients A, N, R and Q used in Biot's early papers (Biot, 1956a,b) as
Note that the masses, density coefficients ρ 11 , ρ 22 and ρ 12 used in Biot's early papers (Biot 1956a,b) also can be derived from these parameters:
The bulk wave dispersion and attenuation can be obtained by decomposition of the wave motion equations (Biot 1956a (Biot ,b, 1962 Feng & Johnson 1983a; Gubaidullin et al. 2004) .
G E N E R AT I O N O F T H E S U R FA C E -WAV E D I S P E R S I O N E Q UAT I O N S

Surface-wave decomposition
We consider geometry of the half space z > 0 is material of poroelastic media. ϕ 1 and ϕ 2 are scalar potentials of solid and fluid displacements, and ψ 1 and ψ 2 are vector potentials. Decomposition of the displacement vector u for the solid and w for the porous fluid is written as
Assuming that the surface waves propagate along the x direction in a poroelastic half space, the general form of the combination bulk wave component is
where A 1 , A 2 , B 1 and B 2 are amplitude functions relevant to z, because when we discuss the Rayleigh-type waves, which propagate by coupling of P waves and SV waves, the SH component is set at zero. The actual response form of the solution corresponding to surface-wave modes is given in Appendix A, eqs (A10)-(A16), where A S i and F i are the amplitude factors of two kinds of P waves, and B S i is the amplitude factors of S waves. These factors and the surface-wave wavenumber k will be determined by the free-surface conditions that will be discussed in the following sections. In poroelastic media incorporated with viscous interaction between the fluid and the solid, all bulk waves are damped, and the surface waves will propagate with viscous attenuation. Therefore, the surface-wave wavenumber k is a complex value. The velocity of the surface waves can be obtained as C R = ω/Re(k), and the attenuation can be described in Im(k). For the wave modes propagating along the free surface with damping, the wavenumber Re(k) > 0, and Im(k) > 0 for possible surface-wave modes (bulk-wave wavenumbers k i, j = P1, P2, S also meet this condition). For the definitions of η 1 , η 2 and ς in eq. (A7) as η the radiation and attenuation conditions imply that Re(η i ) < 0 and Re(ς ) < 0. We will show the dispersion and attenuation of surface-wave modes under different conditions.
Boundary conditions and dispersion relation
Assuming the boundary at z = 0, in general, a boundary between two media, the boundary conditions proposed by Deresiewicz & Skalak (1963) were rewritten in a different way as
and
where the superscript commas were used to represent different media at two sides of the boundary. τ S zz and τ S xz are normal and tangent stress components of the solid frame, respectively; χ is a coefficient of resistance representing the surface permeability between the two media and corresponds to 1/k referred to by Deresiewicz (1962) and 1/T referred to by Feng & Johnson (1983a) ; p, the true porous fluid pressure, and τ ii − αp is the effective normal force per unit area of the bulk (Carcione 2001) demonstrating the continuity of full traction (i.e. momentum balance). The third condition is the continuity of the fluid mass flux (i.e. mass balance) and the last condition specifies the mass transport through the surface. The inflow and outflow through the boundary are proportional to the difference of the pore pressure on both sides of the boundary.
For the fully permeable 'open-pore' boundary, that is, χ approaches infinite (as T = 0 referred to by Feng & Johnson 1983a) , the boundary of the free surface is drained and the previously described boundary conditions are simplified to
Due to the drained conditions, the fluid outside the free surface of the porous media is immediately equal to equilibrium, and the third condition is automatically met.
For the impermeable 'closed-pore' boundary, that is, χ = 0 (as T → ∞ referred to by Feng & Johnson 1983a) , the conditions are simplified to
In this case, no fluid exists outside the free surface of the porous media, and the third and the forth boundary conditions are identical.
Nonalignment of a portion of the pores can produce an interfacial flow area that is smaller than the fully permeable 'open-pore' condition, for which χ is a finite positive quantity; with the drained condition, the equations can be written as
These conditions can represent the general situation, which has not been considered so far. Fully permeable and impermeable conditions are the two extreme situations of the solution.
Dispersion relation
Substituting the general field solutions of displacements, stresses and pressures, eqs (A10)-(A16), into the boundary conditions eqs (11)- (13) 
For the impermeable 'closed-pore' free-surface boundary
For the partially permeable free-surface boundary
where the elements of the matrix M a , M b and M c are given in Appendix B.
The zeros of the determinants of the matrices DetM i = 0, i = a, b, c define the dispersion relation, that is, Rayleigh Equations in poroelastic media. The equations are also referred to as 'poroelastic Rayleigh-wave denominator' (van Dalen et al. 2010) , which is very similar to the one for a vacuum/elastic medium free surface (Aki & Richards 1980) . In the 'open-pore' boundary
, and
In the 'closed-pore' boundary
In the partially permeable boundary
In the following section, the numerical solutions in the exploration-seismic frequency band are investigated by solving the three Rayleigh equations, R i = 0, i = 1, 2, 3, subjected branch cut restrictions discussed in the last section.
N U M E R I C A L R E S U LT S A N D A N A LY S I S
Considering elastic waves oscillation with frequencies ω = 2π f , the solutions of complex wave number k can be obtained by resolving Rayleigh eqs (17)-(19). The velocities of Rayleigh waves can be determined by surface-wave wavenumbers and the corresponding normalized attenuation as well. The dispersion and attenuation characteristics of Rayleigh waves in poroelastic media are obtained under the radiation and attenuation condition numbers as discussed in the preceding sections. Note that all the surface-wave modes should not propagate faster than the bulk fast waves. P1-waves depend on the result of the bulk-wave coupling mechanism for surface waves. Thus, the solutions of velocities that are faster than P1 waves are discarded. To avoid complexity in discussion, the parameter quantities are made dimensionless and normalized in the following ways
where a r , μ r and ρ r are referred distance, elastic module and mass density.
Modelling parameters
Values of parameters (Table 1) for a fluid-saturated poroelastic medium correspond approximately to the parameter values of porous and saturated sandstones (Bourbie et al. 1987; Albers & Wilmanski 2005) . Values of normalized parameters (Table 2 ) obtained using normalization quantities such as μ r and ρ r are the solid skeleton-frame P-wave modulus and density. The calculated velocities and attenuation coefficients are divided by the P-wave velocity in dry skeleton frame (C p1 = (
1/2 ) and the product C p1 a r ( ρr μr ) 1/2 , respectively. All the plots of parameters are versus real physical frequencies in Hertz. The dispersion and attenuation curves are then calculated. Taking the surface permeable coefficient χ , and coupling damping coefficient b, Poisson's ratio ν and tortuosity C as typical parameters to represent the surface conditions, viscous damping, elastic properties and porous fluid flowing conditions of poroelastic media. We analyse the physical significance of these different physical parameters for dispersion and attenuation of surface waves in the following sections. Fig. 1 shows the phase velocities of body and surface waves at the seismic-frequency range under the open-pore, the closed-pore and the partially permeable (surface permeability: χ = 0.1) free-surface boundary conditions. The Rayleigh 1 mode (referred to as R1 Wave) under all surface conditions is slower than the bulk S waves, but faster than the slow P2 wave, which possesses about 90 per cent of the S-wave velocities and similar characteristics under the three free-surface conditions. We find that it analogous to the classical Rayleigh-wave mode generated by the coupling of fast P1 wave and S wave in pure elastic media. At low frequencies, it propagates with a limiting velocity (0.52944 of C p1 ), corresponding to the Rayleigh wave in effective Gassmann media. At high frequencies, the R1 wave under the open-pore condition propagates slower than those under the other two conditions. The corresponding attenuation coefficients of the R1 mode are plotted in Fig. 2 . At low frequencies, the R1 mode displays f 2 frequency dependence, and changes to f 1 behaviour for high frequencies. We use the concept of a complex wave number to obtain the quality factor as a function of frequency f . It is given by
Comparison of dispersion and attenuation of surface waves and bulk waves
so that, at high frequencies, R1 mode propagates as a constant Q model (leaky model). Under the open-pore free surface, R1 mode is less diffusive at low frequencies, but bears a smaller quality factor than under the other two conditions. Under the other two conditions, the attenuation curves are very similar. At low frequencies (0Hz < f < 1Hz) Im(k) < 0 (detail in Fig. 2a , also see Fig. 3b ), for partial permeability, R1 mode radiates as non-physical waves. This phenomenon may be caused by the choice of material parameters. Rayleigh 2 mode [referred to as R2 Wave, which is also referred to as leaky Stoneley wave (Edelman & Wilmanski 2002; Edelman 2004; Albers & Wilmanski 2005 )] only appears under closed-pore and partially permeable surfaces. R2 mode closely resembles the bulk slow P2 wave. At low frequencies, R2 mode becomes diffusive with an f 1/2 behaviour in velocity and attenuation (Figs 1 and 2b) . Under both conditions, in the frequency range (0-200 Hz), velocities are slightly slower than the bulk slow P2 wave and become a limiting velocity very close to the limiting of the P2 wave (0.23350 of C p1 ) at high frequencies. However, under a partially permeable surface, the attenuation coefficients turn to −f 1 behaviour for higher frequencies (f > 40 Hz), and are different to the constant Im(k) and slightly larger than P2 waves for closed-pore surfaces (Fig. 2b) .
Dispersion and attenuation of surface waves for different surface permeability
For partially permeable conditions that are insufficiently discussed, it is worth assessing effects of variation of the surface permeable coefficient χ , keeping all other parameters fixed. R1 waves exist under all free-surface conditions (Fig. 3) . All R1 waves start at the same limiting velocity for Gassmann effective media. The velocity variation mainly occurs at a frequency range of 0-80 Hz. Dispersion and attenuation for changing surface permeable coefficients (0.0001-0.2) are similar to R1 mode under the closed-pore condition. For large χ (0.05-0.2), at high frequencies, R1 waves are slightly faster than those under the closed-pore condition. At low frequencies (f < 10 Hz), the R1 waves show local minima of velocities for all conditions (Fig. 3b, referred to by Deresiewiscz 1962 , Bourbie et al. 1987 . The minima are obvious for the open-pore and high surface permeable conditions. At low frequencies (f < 1 Hz), all R1 waves for partial permeability radiate as non-physical waves (Im(k) < 0). To investigate this, we plotted the attenuation coefficients at lower frequencies (Fig. 3d) . We find that, as we increase surface permeability, the radiation frequency range moves to higher frequencies. R2 waves are found exclusive of the open-pore condition. Velocities and attenuation coefficients are plotted in Fig. 4 as a function of frequency. All R2 waves are diffusive at low frequencies as discussed in the previous section. At high frequencies, for increasing surfacepermeable coefficients, R2 waves are slightly faster (Fig. 4a) and obviously less attenuated with −f 1 behaviour (Fig. 4b) than those of the total impermeable closed pore. The large slopes of − f 1 frequency dependence are corresponding to a high surface permeable coefficient χ . This is an indication that negative Im(k) begins at lower frequencies for higher surface permeable coefficients χ . We also find that surface permeable coefficient χ at higher values will bring odd solutions of dispersion equations, which needs to be analysed further.
Dispersion and attenuation of surface waves for different coupling damping coefficients
A coupling damping coefficient is a variable as an indicator for diffusive phenomenon. The diffusivity is given by (Carcione 2007 )
We consider physical models of changing coupling damping coefficients with all other parameters fixed. Fig. 5 shows dispersion and attenuation of R1 waves. We find all R1-wave main dispersion frequency ranges move to higher frequencies as coupling damping coefficient increases (Fig. 5 , left-hand side, and also Fig. 3a) . For a small the coupling damping, the poroelastic medium becomes less frictional. The critical fluid-diffusion relaxation length, L c = √ D/2π f trends to be infinite, for example, at lower frequencies the pore pressures in the two phases immediately equilibrate within a half cycle. Consequently, the viscous friction can begin and relax at lower frequencies, which affects the velocity dispersion and diffusion at low frequencies. Meanwhile, large critical fluid-diffusion relaxation length L c results in higher quality factor Q at high frequencies as viscous frictions. However, we find that attenuation coefficients do not have a linear rise as coupling damping coefficients increase (Fig. 5 , right-hand side) with a maximum appearing at 9.6 × 10 6 Pas m -3 , which is caused by a higher relaxed frequency (the knee points of f 2 frequency dependence and f 1 frequency dependence for attenuation) for pore pressures to equilibrate. The negative Im(k) of R1 waves appears at higher frequencies, and possesses a wider frequency band as coupling damping coefficients increase.
R2 waves become diffusive with f 1/2 behaviour both in velocity and attenuation at higher frequencies, as the coupling damping coefficient increases (Fig. 6 ). This mode may be diffusive in the exploration-seismic frequency band with large coupling damping coefficients for strong 880 Y. Zhang, Y. Xu and J. Xia viscous (Fig. 6a, right-hand side) . The velocity and attenuation under the partially permeable surface condition are slightly less than that under the closed pore for the other three cases. It is noted that velocities decrease, and attenuation coefficients monotonously increase with increasing coupling damping coefficients, different to R1 waves.
Dispersion and attenuation of surface waves for different Poisson's ratios
In the following discussion, we determine the different Poisson's ratios ν by variation of λ with all other parameters kept the same. The results for ν = 0.21875, the original value, were shown in the previous sections. R1 waves have similar velocity dispersion characteristics, but the dispersion curves are shifted upwards as the Poisson's ratio increases because of a large bulk modulus (Figs. 7, left-hand side) . Meanwhile, Dispersion and attenuation of surface waves 881 the velocity dispersions decrease as ν increases. All R1 waves also display constant-Q leaky model at high frequencies (f > 40 Hz). For partial permeability, we also find Im(k) < 0 at very low frequencies. We note that R1 waves for the open pore propagate with the most damping attenuation at low ν, but the least damping attenuation at high ν (Fig. 7, right-hand side) . It is an indication that R1 waves for the open pore are more sensitive to changing elastic modulus. When ν increases, the attenuation decreases overall, illustrating that high rigidity bears low attenuation.
R2 waves show very similar velocity dispersion (Fig. 8 , left-hand side). The attenuation coefficients for R2 waves decrease slightly as ν increases while the −f 1 behaviour of attenuation for partial permeability has the high slope for small Poisson's ratio ν (Fig. 8 , right-hand side).
Dispersion and attenuation of surface waves for different tortuosities
We chose tortuosity C = 1 to represent the cylinder pores vertical to the surface and with a low limit, C = 3 to represent the stochastic-pore distribution (Mavko et al. 1998) , and an intermediate C = 2. All other parameters are fixed. In Fig. 9 dispersion and the attenuation of R1 waves are plotted. Velocities are more dispersive at lower tortuosities (Fig. 9, left-hand side) . The attenuations of R1 waves decrease as the tortuosity increases (Fig. 9, right-hand side) . Note that restraint of fluid flow by tortuosity weakens the interaction of the two phases. The attenuation shows constant-Q at high frequencies for all free surfaces, and Im(k) < 0 also appears at low frequencies for partial permeability for different tortuosities. We find that for increasing tortuosity, the damping attenuation of R1 waves for the open-pore proceed from the least to the most (Fig. 7, right-hand side) . It is another indication that R1 waves for the open pore are less sensitive to fluid flow.
The dispersions of R2 waves for the closed pore and partial permeability also demonstrate slight distinction, but dispersions reduce at large tortuosities (Fig. 10, left-hand side) . The attenuation decreases with increasing tortuosity, as indicated by R1 waves (Fig. 10 , right-hand side). The bifurcation of the attenuation of R2 waves for partial permeability appears at lower frequency, and the difference to R2 waves for closed pore becomes greater.
C O N C L U S I O N S
Two surface-wave modes exist at free surfaces of vacuum/poroelastic media: R1 waves under all surface conditions, and R2 waves under the closed-pore and partially permeable surfaces. The frequency-dependent dispersion and attenuation for different free surfaces, viscous damping conditions, elastic properties and porous fluid-flow conditions have different characteristics; especially for partially permeable surface, both R1 waves and R2 waves propagate with unusual features. We summarize the characteristics for two different surface-wave modes as follows.
R1 waves
This surface-wave mode exists for all conditions of open-pore, closed-pore and partial surface permeability, which are analogous to Rayleigh waves in pure elastic media. In the exploration-seismic frequency band, all R1 waves have similar dispersion characteristics, starting at Gassmann-effective Rayleigh-wave velocity and propagating with limiting velocities at high frequencies. Velocities for the partially permeable surface disperse most (slightly stronger than those for the closed-pore), and velocities for the open-pore condition disperse least. High-coupling damping coefficients move the main dispersion frequency range to high frequencies. High Poisson's ratios and high tortuosities diminish the velocity dispersions for all conditions. R1 waves display constant-Q leaky attenuation characteristics at high frequencies. R1 waves for the open pore are most sensitive to elastic modulus variation, but least sensitive to tortuosity variation. R1 waves for partial permeability radiate as non-physical waves (Im(k) < 0) at low frequencies, distinctive from those for the open-pore and closed-pore conditions, and those frequencies move to high frequencies as we choose high surface permeability and coupling-damping coefficients. Because of the relaxed frequency of pore-pressure equilibrium, the most attenuated R1 waves appear at an intermediate coupling-damping coefficient.
R2 waves
This surface-wave mode appears under the closed-pore and partially permeable surfaces. At low frequencies, both velocity and attenuation are diffusive, and display f 1/2 dependence on frequency as the bulk slow P2 waves. Velocities are slightly lower than P2 waves. High coupling-damping coefficients broaden the diffusive zone at low frequencies. High tortuosities diminish the dispersion and attenuation of R2 waves. The attenuation curves turn to −f 1 behaviour for partially permeable surfaces as frequencies increase. High surface permeability, low coupling-damping coefficients, low Poisson's ratios and low tortuosities raise the slope of the −f 1 dependence. When the attenuation coefficients reach 0, R2 waves for partial surface permeability begin to radiate as non-physical waves.
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The general field solutions of amplitude factors can be obtained as 
Obviously among all solutions of eq. (A7), only those that meet the far-field surface-wave conditions can be selected, that is, the non-positive real part of η i = 1,2, and ς are needed. Substitute eq. (A7) into eq. (A2), and we can obtain the following eigenvector relations 
where the amplitude ratios are
, i = 1, 2, and
Then the solution of displacements of the solid frame and the porous fluid become
and hence, the solid stress and the porous pressure become τ zz = { λ η 
